Plant cells need to monitor the cell wall dynamic to control the wall homeostasis 20 required for a myriad of processes in plants, but the mechanisms underpinning cell 21 wall sensing and signaling in regulating these processes remain largely elusive. Here, 22
Mechanical stress from lobe outgrowth has been implicated in the indentation 64 reinforcement by promoting cortical MT ordering 22 , hinting at a potential regulatory 65 role of the cell wall in this process. This is further supported by a recent study 66
suggesting that the cell wall compositions and mechanical heterogeneities across and 67 along anticlinal cell walls contribute to the regulation of PC interdigitation 7 . The 68 identification of cell wall sensors is needed to understand the mechanisms by which 69 the cell wall modulates various plant processes such as PC interdigitation. A large 70 number of cell surface receptors, such as Wall-associated kinases (WAKs), 71
Catharanthus roseus RLK1 (CrRLK1)-like family, PR5-like receptor 72 kinase/thaumatin family, LysM family, L-type lectin RLKs, proline-rich extension- proposed to be potential wall sensors 1,5,23,24 25-34 , but none of them have been clearly 78 demonstrated to sense and transduce cell wall polymer signals. Here we report that the 79 FERONIA cell surface receptor senses and transmits cell wall pectin to activate the 80 ROP signaling pathway to modulate the formation of the puzzle-piece cell shape in 81
Arabidopsis PCs. 82 83 RESULTS 84 85
The FERONIA (FER) cell surface receptor is associated with the cell wall 86 87
Plants have evolved a large number of cell surface receptor-like kinases (RLKs) to 88 sense various extracellular signals 35 . To identify RLKs that might be involved in the 89 lobe-indentation coordination during PC interdigitation, we carried out a genetic 90 screen of T-DNA insertion rlk mutants for altered PC morphogenesis and isolated fer-91 4, a mutant of FERONIA 36 , which exhibited a severe defect in PC shape ( Fig. 1a, b ). 92
Besides root hair growth and development, FER was suggested to be involved in cell 93 polarization, which is important for the formation of the interdigitated shape in 94
Arabidopsis leaf epidermal PCs 37 . To further evaluate the role of FER in PC 95 morphogenesis, we characterized another fer allele with an independent T-DNA 96 insertion (fer-2 and fer-5, Supplementary Fig. 1a ) 38, 39 and found that both alleles 97 showed similar defects in PC interdigitation. Both fer mutants displayed significantly 98 wider indentations than wild-type (WT) ( Fig. 1a, b , and Supplementary Fig. 1b-d) , 99 reminiscent of a defect in the ROP6 signaling pathway 20 . To further confirm that the 100 phenotypes observed in the fer mutants were due to the mutation in FER, we 101
complemented the fer-4 mutant with FER cDNA fused with yellow fluorescent 102 protein (YFP) under the control of its native promoter. The FER-YFP transgene 103 completely rescued the fer-4 PC shape defect and restored vegetative growth to wild-104 type levels ( Fig. 1a, b , and Supplementary Fig. 1e ). Together, the data indicate that 105 FER is required for PC morphogenesis. 106 Fig. 1a ) 3 . In Arabidopsis, FER was initially found to 128 control pollen tube perception in the ovule 36 and later shown to regulate a wide range 129 of growth and developmental processes and responses to the environment 38-46 . 130 Interestingly several CrRLK1L members play important roles in controlling processes 131 linked to the properties of the cell wall, including cell expansion, polarized growth, 132 sperm release from pollen tubes, pollen tube integrity maintenance, and defense 133 responses 24, 36, 40, 41, [47] [48] [49] . In Arabidopsis, FER and its relatives, ANUXR1, ANUXR2, 134 BUPS1, and BUPS2 are involved in maintaining cell wall integrity and to regulate 135 cell growth through the recognition of a group of small peptide ligands that derived 136 from cells named Rapid Alkanilization Factors (RALFs) 24, 48, 50 . Another CrRLKL1  137  family member, THESUS1(THE1), identified as a putative cell-wall integrity sensor,  138  mediates the responses to the perturbation of cellulose synthesis, likely via binding to  139 the cell wall 3,30 . Therefore, we speculated that FER might have a role as a cell wall 140 sensor to monitor the dynamics of the cell wall during PCs morphogenesis, and 141 assessed whether FER is associated with the cell wall. We generated transgenic plants 142
expressing FER-green fluorescent protein (GFP) fusion driven by its native promoter. 143 BRI1, a known plasma membrane-localized protein, was used as a control 51 . Soluble 144 (supernatant) and insoluble (pellet) proteins were fractionated from FER-GFP and 145 BRI1-GFP transgenic plants by using low-speed centrifugation. As expected, non-146
wall-associated BRI1-GFP was enriched in the soluble fraction ( Fig. 1c, d) . In 147 contrast, FER-GFP was enriched in the insoluble pellet fraction ( Fig. 1c, d ). As shown 148
for wall-associated kinase proteins (WAKs) 28,52 , the extraction of FER-GFP from the 149 insoluble pellet fraction required boiling in the presence of 1% (w/v) SDS and 50 mM 150 dithiothreitol (DTT) ( Supplementary Fig. 1f ), indicating that FER is tightly associated 151 with the cell wall. 152 153
To further verify the cell wall association of FER, cotyledon PCs from transgenic 154 seedlings expressing FER-GFP fusion or GFP alone were plasmolyzed ( Fig. 1e ). 155
Before plasmolysis, the GFP control exhibited a typical free-GFP localization pattern 156 in plant cells with a large central vacuole; the signals were largely diffused along the 157 cell border (cell walls stained by Propidium Iodide, PI) ( Supplementary Fig. 1g ). 158
After plasmolysis, the GFP signals retreated with the plasma membrane (plasma 159 membrane stained by FM4-64) that was detached from the cell walls ( Fig. 1e , 160 Supplementary Fig. 1g , the lower row of panels). By contrast, FER-GFP was mainly 161 found along the plasma membrane, largely overlapping with the cell wall PI staining 162 ( Supplementary Fig. 1g ). After plasmolysis, a portion of the FER-GFP fluorescence 163 retreated with the plasma membrane (white arrows), while predominant signal 164 remained at the cell border ( Fig. 1e , Supplementary Fig. 1g , the lower row of panels). 165
These results are consistent with the high enrichment of the FER-GFP protein in the 166 cell wall fraction, suggesting that FER is a plasma membrane RLK that is tightly 167 associated with the cell wall. 
190
The extracellular malectin A domain is responsible for FER's association with 191 pectin and is required for FER's function in PCs 192 193 We next determined whether FER is associated with a specific cell wall component 194 using a semi-in vitro pull-down assay. The FER protein fused to an HA tag was 195 expressed in Arabidopsis leaf protoplasts, and proteins isolated from the protoplasts 196
were incubated with different cell wall components. Insoluble cellulose and 197 hemicellulose (xylan) were pelleted by centrifugation, but FER-HA was not detected 198 in either the cellulose or xylan pellets ( Supplementary Fig. 2a ). In contrast, FER-HA 199 was detected in the pellet of pectin extracted from apple (50-75% degree 200 esterification) in a concentration-dependent manner ( Fig. 2a ), indicating an interaction 201 between FER and pectin. We then dissected the domains of FER responsible for 202 binding pectin ( Supplementary Fig. 2b ). FER-ECD-HA (where the intracellular 203 domain was deleted) and FER△MALB-HA (deletion of the extracellular MALB 204 domain) were pulled down by pectin, but FER-TCD-HA (deletion of the entire 205 extracellular domains) and FER△MALA-HA (deletion of the extracellular MALA 206 domain) were not ( Fig. 2b ). Importantly, we found that His-MBP-FER-ECD 207 recombinant proteins, expressed and purified from E. coli, directly bound to pectin in 208 vitro (Fig. 2c ). This suggests that glycosylation is not required for FER's function in 209 binding to pectin. Furthermore, in agreement with the finding that MALA domain is 210 required for the interaction (Fig. 2b ), we found that His-MBP-FER-MALA domain 211 recombinant proteins, expressed and purified from E. coli, directly bound pectin in 212 vitro ( Supplementary Fig. 2c ). Thus, these results demonstrate that FER physically 213 binds to pectin through the extracellular MALA domain. 214 215 We then determined whether FER's extracellular MALA domain is also required for 216 the in vivo association with the cell wall and function. We generated 35S::YFP-FER-217
TCD transgenic plants and detected the protein levels in both soluble and insoluble 218 protein fraction using a GFP antibody. In contrast to the full-length FER-GFP protein, 219
which was enriched in the insoluble pellet fraction ( Fig. 1c, d ), YFP-FER-TCD was 220 enriched in the soluble fraction ( Supplementary Fig.2d ). Furthermore, the fluorescent 221 signal of YFP-FER-TCD in plasmolyzed PCs was absent from the cell walls 222
( Supplementary Fig. 2e ). Thus the cytoplasmic domain is not involved in FER's 223 association with the cell wall. Since the MALA domain bound pectin in vitro ( Fig. 2b  224 and Supplementary Fig. 2c ), we further tested its requirement for cell wall association 225 in the 35S::YFP-FER△MALA transgenic Arabidopsis plants by using plasmolysis 226 assays. In contrast to FER-GFP ( Fig. 1e ), the majority of YFP-FER△MALA regressed 227 with the shrunk cytoplasm ( Supplementary Fig. 2f ), indicating that the MALA 228 domain is critical for FER's association with the cell wall. Finally, neither YFP-FER-229 TCD nor YFP-FER-△MALA was able to fully rescue the PC interdigitation defect in 230 the fer-4 knockout mutant ( Fig. 2d -g), which was fully rescued by the full-length 231 FER-YFP ( Fig. 1a ). Taken together, our results indicate that the extracellular MALA 232 domain binds to cell wall pectin, allowing FER to associate with the cell wall, and 233 regulates PC morphogenesis. 234 235
Pectin methylation level is spatially regulated and important for PC shape 236 237
The generation of lobes and indentations in PCs results from the anisotropic growth of 238 the cell wall and involves the preferential deposition of cellulose in the indentation 239 region 53 . As expected mutants defective in cellulose synthesis typically exhibit 240 simpler PC shapes 54 7 . The pectin composition and structure in the wall in much more 241 complicated and has been proposed to have a regulatory role 3,55-60 . With the finding 242 that FER's association with pectin is critical for PC morphogenesis, we sought to 243 determine the contribution of the cell wall pectin to the formation of PC shapes. In 244
Arabidopsis, three types of pectic polysaccharides are found: homogalacturonan 245 (HG), rhamnogalacturonan I (RG-I), and rhamnogalacturonan II (RG-II) 61 . Mutants 246 with reduced HG levels (qua1-1 and qua2-1) exhibit decreased PC interdigitation 7 . 247 We found that the arad1arad2 mutant, which has reduced arabinans associated with 248 rhamnogalacturonan I (RG-I), showed PC shape changes similar to those observed in 249 the fer mutants with wider indentation necks ( Fig. 3a, b) . These results suggest that 250 the specific composition and structure of pectic polysaccharides are critical for PC 251 morphogenesis. This agrees with the importance of fine pectin structures in 252 modulating other biological roles 7,60 . 253 Highly methylesterified pectic polysaccharides are synthesized in the Golgi and 278 secreted into the apoplast 61 . The methyl groups are then selectively removed by 279 pectin methylesterases (PMEs), which might be spatially regulated by pectic 280 methylesterase inhibitors (PMEIs) 60 . De-methylesterified HG chains are crosslinked 281 into a tightly packed conformation by calcium bridges, which contribute to the wall 282 strength 32,62 . However, in some tissues decline in HG-calcium complexes has been 283 correlated with a decrease in wall expansibility and an increase in wall stiffening 56,63 . 284
Thus, the diversity and complexity in pectin structure and distribution in different 285 tissues/cells and in different wall domains within a single cell might reflect functional 286 diversity in the fine control of pectin gel rheology 60 . Given the importance of pectin 287
for PC morphogenesis (Fig. 3a , b) 7 , we further determined the pattern of pectin 288 methylesterification in developing PCs (2-day cotyledons) by immunostaining with 289 the LM20 and JIM5 monoclonal antibodies that recognize highly methylesterified and 290
highly de-methylesterified pectin, respectively. The intensity of LM20 staining was 291 greater in the lobe region when compared to the indentation area of the same cell, 292
indicating a preferential distribution of highly methylesterified pectin in the lobe 293 region ( Fig. 3c, d) . In contrast, higher levels of de-methylesterified pectin were found 294 in the indentation region, comparing to the adjacent cell lobe region as indicated by 295 the JIM5 immunofluorescence intensity (Fig. 3e, f To investigate the functional significance of pectin de-methylesterification levels in 306 PC morphogenesis, we characterized PC shape in mutants with reduced pectin de-307 methylesterification. We examined PCs phenotype in a knockout mutant for PME3 308 (AT3G14310), highly expressed in expanding cotyledons and true leaves 65 66 and in a 309 line overexpressing a pectin methylesterase inhibitor (PMEI1-OE) 67 . Both lines 310
showed interdigitation defects similar to those of the fer-4 mutant with simpler cell 311
shapes and wider indentation necks ( Fig. 3g, h) . These results suggest that pectin 312 methylesterifcation is spatially regulated at the subcellular level during the early 313 stages of and is important for PC morphogenesis. 314 315 FER preferentially binds de-methylesterified pectin 316 317
The significance of pectin methylesterifcation levels described above promoted us to 318 determine its impact on pectin binding to FER. Interestingly FER proteins were 319 readily pulled down by de-methylesterified pectin. Both full-length FER protein 320 expressed from protoplasts ( Fig. 3i ) and FER-ECD recombinant protein produced 321 from E.coli (Fig. 3j ) interacted much more strongly with polygalacturonic acid (PGA, 322 0% methylesterification) compared with pectin extracted from apple (50-75% 323 methylesterified) ( Fig. 3i, j) . Furthermore, in vitro pull-down assays showed that 324 FER's MALA domain preferentially bound de-methylesterifed pectin (PGA) 325 compared to the highly methyesterified pectin ( Supplementary Fig. 3a ). 326 327
Since Ca 2+ crosslinks de-methlyesterified HG via the carboxy groups, we investigated 328 the importance of this conformation in binding with FER. We determined the binding 329 of FER to PGA in the ionic buffer (0.5 mM CaCl2/150 mM NaCl) containing 5 mM, 330
EDTA, a Ca 2+ chelator, or in an ionic buffer, in which CaCl2 was replaced with 0.5 331 mM MgCl2. EDTA prevents the formation of PGA crosslinks, and Mg 2+ ions are 332 unable to stabilize PGA crosslinks due to their large size 62 . Both EDTA and MgCl2 333 treatments greatly suppressed the binding of FER to PGA ( Supplementary Fig. 3b ). 334
Thus pectin crosslinks are critical for binding to FER. Taken together, our results 335
suggest that FER favors binding de-methylesterified crosslinked pectin through the 336 extracellular MALA domain to regulate PC morphogenesis. 337 338
Pectin activates ROP6 signaling in a FER-dependent manner 339 340
Because both mutations in FER and reductions in pectin de-methylesterification result 341 in a PC phenotype similar to that induced by ROP6 signaling defects 20 , we 342
hypothesized that binding of de-methylesterified pectin to FER activates the ROP6 343 signaling pathway. We first determined the requirement of FER for ROP6 activation 344
using an effector binding-based assay 68 . When the assay was conducted using an anti-345 ROP6 antibody, we observed dramatic ROP6 activity reduction in the fer-4 mutant 346 compared to wild-type ( Fig. 4a, b ). This reduction was further confirmed by another 347 assay, in which GFP-ROP6 was introduced into Col-0 and the fer-4 mutant and 348 detected with an anti-GFP antibody ( Supplementary Fig. 4a, b) . Consistent with the 349 changes in PC phenotypes of pme3 and PMEI1-OE (Fig. 3g, h) , ROP6 activation was 350 also compromised in both pme3 and PMEI1-OE lines (Fig. 4a, b) . These results 351 support the hypothesis that FER's sensing of de-methylesterified pectin leads to the 352 activation of the intracellular ROP6 signaling pathway. To further test this hypothesis, 353
we determined whether pectin-mediated activation of ROP6 requires FER. Col-0 354 protoplasts were treated with PGA, and the activation of ROP6 was determined. 355
Intriguingly, PGA treatment greatly induced ROP6 activation (Fig. 4c, d) , and 356
importantly this induction was compromised in fer-4 mutant protoplasts (Fig. 4c, d) . 357
Hence PGA promotes ROP6 activation in a FER-dependent manner. 358 Student's t-test) between the wild type and the mutants in above assays.
376
The activation of ROP6 signaling promotes cortical microtubule organization to 377 restrict lateral or radial cell expansion, thereby promoting the indentation of PCs 21 . In 378 agreement with the FER-dependent activation of ROP6 by de-methylesterified pectin 379 and the phenotypes of fer-4 PCs with wider indentation necks (Fig. 1a, b and 380 Supplementary Fig. 1c, d) , fer-4 PCs displayed less bundled and more randomly 381 arranged cortical MTs, compared with wild-type cells (Fig. 4e, f ). Furthermore, a 382 similar reduction in the ordered arrangement of cortical MTs in the indentation region 383
of PCs was found in the PMEI1-OE line (Fig. 4g, h , and Supplementary Fig. 4c, d ) 384
and pme3 mutants ( Supplementary Fig. 4c, d and found that only RopGEF1, 6, 7, and 14 transcripts were detected in cotyledons 393
( Supplementary Fig. 5a ). Furthermore, the characterization of PC morphogenesis of 394
T-DNA insertion loss-of-function mutants for these RopGEFs revealed that two 395 alleles of gef14 exhibited a defect in PC interdigitation (Fig. 5 a, b , Supplementary 396 Fig. 5b-i) . Cotyledon PCs for these mutant alleles exhibited wider indentation 397 compared to wild-type, reminiscent of a defect in the ROP6 signaling pathway 20 . The 398
gef14-2 PC indentation defect was completely rescued by complementing gef14-2 399 with the GEF14 cDNA fused with a Myc tag and its native promoter (Fig. 5a, b ). 400
Consistently, ROP6 activation ( Fig. 5c, d, Supplementary Fig. 5j ) and the ordering of 401
cortical MTs were greatly compromised in the gef14-2 mutant ( Fig. 5e-g) . Thus, we 402
hypothesize that FER activates ROP6 signaling directly through RopGEF14 to 403 regulate PC morphogenesis. 
418
To test this hypothesis, we first determined whether RopGEF14 forms a complex with 419 FER and ROP6. We performed coimmunoprecipitation (CO-IP) assays in pGEF14-420 GEF14-Myc transgenic plants. As shown in Fig. 6 a and b , RopGFF14-Myc 421 coimmunoprecipitated FER and ROP6, which were detected with α-FER 42 and α-422 ROP6 antibodies, respectively (Fig. 6a, b) . The association of FER with RopGEF14 423 was further confirmed using 35s-GFP-GEF14 transgenic plants. FER 424 coimmunoprecipitated GFP-RopGFE14 but not GFP alone from transgenic plants 425
( Supplementary Fig. 6a ). These co-immunoprecipitation results are also consistent 426 with those of yeast-two-hybrid assay suggesting a direct interaction between GEF14 427 and FER 39 . Moreover, recombinant MBP-GEF14 proteins specifically pulled down 428 the full length of FER-HA and FER-TCD-HA expressed in mesophyll protoplasts 429
( Supplementary Fig. 2b ), but not FER-ECD-HA ( Supplementary Fig. 2b) , further 430
confirming the interaction between RopGEF14 and FER's intracellular kinase domain 431
( Supplementary Fig. 6c ). 432 433 We next conducted a series of experiments to confirm that ROP6 is also a part of the 434 FER-RopGEF14 complex. Co-IP assays showed that ROP6 associated with 435 RopGEF14 (Fig. 6b ). MBP-GEF14 recombinant proteins efficiently pulled down 436 ROP6-Flag expressed in protoplasts ( Supplementary Fig 6d) . Our co-IP assays further 437 detected the association of FER with ROP6 in mesophyll protoplasts co-expressing 438
FER-Flag and ROP-GFP (Fig. 6c ). FER-Flag proteins were immunoprecipitated by 439 ROP6-GFP using anti-GFP trap. Complementary results were obtained using FER-440 GFP to immunoprecipitate ROP6-Flag ( Supplementary Fig. 6b ). Taken together, these 441 data indicate that FER regulates ROP6 signaling by directly interacting with the 442
RopGEF14 /ROP6 complex. 443 444
Our genetic analysis further corroborates the physical interaction among FER, 445
RopGEF14, and ROP6. Previously, we showed that a constitutively active ROP6 446 mutant (CA-rop6) dramatically suppressed lobe formation and increased the width of 447 indentation necks in PCs 20 . PC phenotypes of the CA-rop6 fer-4 double mutant was 448 identical to those observed in CA-rop6 ( Supplementary Fig. 7a ), suggesting that FER 449 and ROP6 act in the same genetic pathway. Consistently with the reduction ROP6 450 signaling in the fer-4 and gef14-2 mutants ( Fig. 4a-f, Fig. 5c-f ), overexpression of 451 ROP6 partially restored the fer-4 and largely restored the gef14-2 PC phenotypes, 452 respectively ( Fig. 6d-g) . Furthermore, the PC indentation widths of fer-5gef14-2 and 453 gef14-2rop6 double mutants were identical to those observed in fer-5 and gef14-2 454 mutants ( Supplementary Fig. 7b-e ). These results demonstrate that FER binds de-455 methylesterified pectin leading to the activation of the ROP6 signaling pathway 456 through RopGEF14 and promotes the indentation during PC morphogenesis. Our comprehensive biochemical, genetic and cell biological data unequivocally 483 demonstrate that upon sensing cell wall pectin via its extracellular domain the cell 484 surface receptor kinase FER from the CrRLK1L subfamily directly activates ROP6 485
GTPase signaling and that this cell wall sensing/signaling pathway regulates PC shape 486 formation in the Arabidopsis leaf epidermis. Therefore, FER is at least one of the 487 long-sought cell wall sensors that couple a specific cell wall polysaccharide with 488 intracellular signaling to regulate a particular cellular process. FER connects the cell 489 wall properties to the control of cell expansion, likely by sensing dynamic changes in 490 the cell wall composition and structure. Sensing the changes in pectin modification in 491 the cell wall might be a common mechanism for the regulation of polar cell 492 expansion. ANXUR1/2 and BUPS1/2 from the same family of FER control the cell 493 wall integrity of elongating pollen tubes, which is also dependent on pectin de-494 methylesterification 48,69 . FER-based monitoring of cell wall integrity and dynamic 495 might also provide a mechanism to coordinate the cell growth between neighboring 496 cells in plant tissues. In line with this, fer mutations disrupt coordinated cell growth 497 causing random cell expansion in the root tip 70 and severe defects in the interdigitated 498 PC shape (Fig. 1a, b and Supplementary Fig. 1a, b ). During interdigitated cell growth 499
in PCs, the initial ROP2 activation might induce differential modifications of pectin 500 between lobing and indenting sides (e.g, via secretion of PMEs, PMEIs, or pectinase), 501
allowing the coordination between lobing and indenting sides via interactions between 502 de-methylesterified pectin and FER. 503 504
By sensing specific wall components, FER and other CrRLK1L family members may 505 directly monitor the cell wall integrity and activate compensatory pathways to 506 maintain wall integrity. FER functions in plant defense response and is proposed to do 507 so by monitoring the disruption of the cell wall caused by pathogen invasion 47 , 508 though direct evidence for this role is lacking. Above mentioned THE1 is involved in 509 sensing or signaling disturbances in cell wall cellulose biosynthesis to activate lignin 510 biosynthesis 30 . Interestingly, yeast cells regulate cell wall integrity using a cell 511 surface receptor-Rho GTPase signaling system 71-73 . The cell surface receptor-Rho 512
GTPase signaling systems appear to be a common mechanism for surveying and 513 regulating cell wall integrity. 514 515
By binding structural cell wall components such as de-methylesterified pectin, FER, 516 and other CrRLK1L family members might sense the mechanical signals of either 517 internal or external origin. This is consistent with a role for FER in mechanical signal 518 transduction in Arabidopsis 70 . Finally, our findings expand the list of FER ligands 519
including RALF 40,41 , suggesting that FER and likely its relatives may act as 520 integrators of external signals. Clearly, CrRLK1L/RALF and LRX/RALF complexes 521 are required for cell wall integrity maintenance in pollen tubes 7,48 and roots 39 . 522
Notably, the apical wall of pollen tubes is predominantly composed of pectin, with 523 highly methylesterified pectin deposited at the growing tip and de-methylesterified 524 pectin confined to the shank 69 . Reducing the activity of PME results in pollen tube 525 rupture, reminiscent of the defect in the CrRLK1L/RALF and LRX/RALF pathways 526 69, 74 . PME activity requires an alkaline pH optimum, while de-methylestrification of 527 pectin leads to the cell wall acidification 75, 76 . It is intriguing to propose that FER and 528 other CrRLK1L members coordinate the sensing of RALFs (as alkalizing peptides) 529
and pectin methylesterification levels to control the homeostasis of apoplastic pH and 530 pectin status needed to maintain the cell wall integrity. How CrRLK1L members 531 dance with RALFs and pectin to modulate cell growth, morphogenesis, and integrity 532 maintenance is a fascinating question yet to be explored. Hence our findings here 533 will propel a very fertile field of study on the sensing and signaling of cell wall 534 dynamic, integrity and mechanics in plants. 535 536 METHODS 537 538
Plant Materials and Growth Conditions. The fer-4 (GABI_GK106A06), fer-5 539 (Salk_ 029056c) were ordered from ABRC and fer-2 was obtained from Ueli 540
Grossniklaus (University of Zürich, Switzerland). The pme3 and PMEI1-OE were 541 obtained from Vincenzo Lionetti (Sapienza University of Rome, Italy) and the 542 arad1arad2 mutant was obtained from J. Paul Knok (University of Leeds, UK). The 543
GFP-MAP4xfer-4, GFP-TUBxPMEI1-OE, GFP-ROP6xfer-4,CA-rop6xfer-4, fer-544 5xgef14-2, and GFP-ROP6xgef14-2 mutants were generated by genetic crosses and 545 confirmed by genotyping or Western blotting. Arabidopsis plants were grown in soil 546
(Sungro S16-281) in a growth room at 23 °C, 40% relative humidity, and 75 μE m -2 ·s -547 1 light with a 12-h photoperiod for approximate 4 weeks before protoplast isolations. 548
To grow Arabidopsis seedlings, the seeds were surface sterilized with 50% (vol/vol) 549 bleach for 10 min, and then placed on the plates with 1/2 MS medium containing 550 0.5% sucrose, and 0.8% agar at pH 5.7. 2 to 6 days after germination (DAG) 551 cotyledons were used for pavement cells characterization. and cloned into pGWB506. All of the constructs were fully sequenced to verify 568 mutations in the gene coding and promoter region. Stable transgenic lines were 569 generated by using the standard Agrobacterium tumefaciens-mediated transformation 570
in the fer-4 , gef14-2 mutants or Col-0. 571 572
Confocal analysis of Arabidopsis cotyledons PC shape. Arabidopsis cotyledons 573
were firstly incubated in PBS buffer with propidium iodide (PI) (2 mg/ml, 20 574 minutes). Then after washing with PBS buffer for three times, the samples were 575 observed under confocal microscopy (Leica SP5 Laser Scanning Confocal.). The PCs 576 images were taken at the mid-region of cotyledons. The widths of indentations were 577 measured using LAS AF Lite software. Each dataset was generated from the 578 measurement of at least 20 cells collected from 5 different cotyledons from 5 579 individual seedlings. 580 581 GFP detection by proteins gel blotting and confocal laser scanning microscopy. 582
Total proteins extraction and protein gel-blot analysis were performed as described 583 before with modifications 28 . Soluble proteins were prepared using an extraction buffer 584
(25 mM Tris-HCl, pH 7.5, 200 mM KCl, 5 mM MgCl2, and 5 mM DTT, 0.1% NP40) 585
supplemented with a mixture of protease inhibitor (cOmplete Protease inhibitor 586 cocktail; Roche). After washing and extraction for 15 times, the pellet was used for 587 insoluble protein preparation. Insoluble proteins were extracted by boiling the pellet 588
for 10 minutes in the extraction buffer (50 mM Tris-HCl, pH 6.8, 10% glycerol, 589 0.05% bromphenol blue and 50 mM DTT, 4% SDS). Total GFP was detected using a 590 GFP polyclonal antibody (Santa Cruze, B-2, 1:1000 dilution) and subjected to 591 horseradish peroxidase-conjugated mouse secondary antibody, and developed with 592 enhanced chemiluminescence detection reagents (ThermoFish SuperSignal West Pico 593
Chemiluminescent Substrate, Cat #. 34080). Ten-day-old seedlings were used for 594 GFP detection. Whole cotyledons were directly mounted in PI (10μg/ml) or FM4-64 595 (5μg/ml) solution and observed with water objectives as described previously. GFP 596
only transgenic seedlings were used as a control. GFP fluorescence and PI were 597 excited simultaneously by a blue argon laser (10 mW, 488-nm blue excitation) and 598 535 nm for red excitation and detected at 515-530 nm for GFP and 600-617nm 599 wavelengths for PI in a Leica SP5 Laser Scanning Confocal. For plasmolysis, 600 cotyledons were incubated with PI for 20 minutes and washed with PBS buffer and 601 subjected to a treatment of a 0.8 M Mannitol solution for 5 minutes before 602 observation. Images were processed and arranged by ImageJ. 603 604
Protoplast preparation and transient expression. Protoplasts were prepared 605 according to the protocol described by Yoo et al 77 .Maxiprep DNA for transient 606 expression was prepared using the Invitrogen PureLink Plasmid Maxiprep Kit. 2x10 5 607 protoplasts were transfected with indicated FER-HA or truncated variants and 608 incubated at room temperature for 10 hours. The protoplasts were collected and stored 609 at -80 °C for further usage. 610 611
Coimmunoprecipitate (Co-IP) assay. 2 × 10 5 protoplasts transfected with 612 indicated plasmids were lysed with 0.5 mL of extraction buffer (10 mM Hepes at pH 613 7.5, 100 mM NaCl, 1 Mm EDTA, 10% (vol/vol) glycerol, 0.5% Triton X-100, and 614 protease inhibitor mixture from Roche). After vortexing vigorously for 30 s, the 615 samples were centrifuged at 12,470 × g for 10 min at 4 °C. The supernatant was 616 incubated with α-GFP-Trap antibody for 2 h with gentle shaking. The beads were 617 collected and washed three times with washing buffer (10 mM Hepes at pH 7.5, 100 618 mM NaCl, 1 mM EDTA, 10% glycerol, and 0.1%Triton X-100) and once with 50 619 mM Tris·HCl at pH 7.5. The immunoprecipitated proteins were analyzed by 620
Western blot with α-GFP or α-FLAG antibody. For seedling Co-IP, approximate 1 621 g of 10-day seedlings were ground in liquid N2 and further ground in 0.5 mL of ice-622 cold Co-IP buffer. Samples were centrifuged at 12,470 × g for 10 min at 4 °C. The 623
resulting supernatant was used to perform the Co-IP assay with the same procedures 624 as protoplast Co-IP assay with α-Myc-Trap or α-FER (Generated and purified from 625
Rabbit) 42 antibodies. 626 627
In vitro pull-down assay. 2 × 10 5 protoplasts were lysed with 1 mL extraction buffer 628 (20 mM Tris pH 8.2, NaCl 150 mM, 0.5% Triton X-100, 0.5 mM CaCl2 and protease 629 inhibitor mixture from Roche) 78 . After vortexing vigorously for 30 seconds, the 630 samples were centrifuged at 12000 × g for 10 minutes at 4 °C. 20 μl of supernatant 631 was used as input control and the remainder of the supernatant was incubated with the 632 indicated amounts of pectin or PGA for 2 -4 hours at 4 °C with gentle shaking. Pectin 633 or PGA were pelleted and collected by centrifuging at 6000 x g for 10 minutes at 4 °C 634
and washed three times with washing buffer (20 mM Tris pH 8.2, NaCl 150 mM, 0.5 635 mM CaCl2 and protease inhibitor mixture from Roche). 20 μl 1x SDS loading buffer 636 was added to the pull-down pellet and the released proteins were analyzed by Western 637 blot with a α-HA antibody. 638
Expression of MBP fusion proteins and affinity purification were performed as 639 standard protocol. The protein concentration was determined with NanoDrop ND-640 1000 spectrophotometer and confirmed by the Bio-Rad Quick Start Bradford Dye 641
Reagent. 200 ng E.coli (Rosetta DE3) produced recombinant proteins were incubated 642 with 200 μl extraction buffer for 30 minutes and then centrifuged at 6000 x g for 10 643
minutes at 4 °C, 20 μl of supernatant was used as input control and the remainder of 644 the supernatant was incubated with the indicated amounts of pectin or PGA for 2 645 hours at room temperature with gentle shaking. Pull-down was carried out as 646 described above, and the pull-down proteins were determined by western blot with α-647
His or α-MBP antibodies. 648 649
Immunolocalization of pectin and MT in PCs. Two DAG cotyledons or the 650 epidermal layer from 3 weeks old plants the third pair leaves were fixed, frozen, 651 shattered and permeabilized as described by Burn, J.E 34 . For pectin 652 immunolocalization, samples were incubated with the primary antibodies JIM5 (1:  653 100, PlantProbes, University of Leeds, UK) and LM20 (1: 100, PlantProbes, 654
University of Leeds, UK). Samples were then transferred to a buffer with the 655 secondary antibody (FITC-conjugated anti-Rat IgG at 1: 100 dilution, Sigma). For 656
MT immunolocalization, following incubation with a monoclonal anti-α-tubulin-FITC 657 antibody produced in mouse (Sigma) and washed three times after incubation, the 658 samples were observed under Leica SP5 Laser Scanning Confocal. For quantification 659 of pectin in lobes and indentations, the fluorescence intensity was analyzed by 660
ImageJ. The mean ratio of indention/lobe was calculated to indicate the differential 661 distribution of de-esterified pectin and esterified pectin in lobe and indentation 662 regions of PC. 663 664
Quantitative analysis of cortical microtubule orientation. The fer-4 mutant was 665 crossed to the GFP-MAP4 line and the PMEI1-OE was crossed to GFP-TUB line to 666 enable the visualization of MTs. Images of PC MTs were generated using a Leica SP5 667
Laser Scanning Confocal. FibrilTool, which is an ImageJ plug-in to quantify fibrillar 668 
